In this paper, a highly selective and sensitive probe for fluoride ions (F -), containing a phenylpyridylvinylene derivative reporter and a Si-O bond receptor, was designed and characterized. The reaction mechanism is based on the intramolecular charge transfer (ICT) mechanism. Upon addition of F -, probe 1 showed a remarkable red-shift (183 nm) in the absorption spectra accompanying with the color changes from colorless to purple, so probe 1 could serve as a "naked-eye" probe for F -. The absorbance of probe 1 at 545 nm increased linearly with the concentration of F -from 20 to 150 μM. The detection limit was calculated to be 0.1 μM. Besides, "off-on-off" fluorescence intensity changes were also observed in the fluorescence spectra. The present results may provide a useful approach for the development of highly selective dual-channel probes for F -.
Introduction
Fluoride ions (F -) play an important role in chemical, environmental, medical and biological processes. [1] [2] [3] [4] They are widely found in drinking water, toothpaste, 2 and osteoporosis drugs. 4 Fluoride ions are also detected as an indicator of uranium refinement (via hydrolysis of UF6) or of the chemical warfare agent sarin, which releases F -upon hydrolysis. [5] [6] [7] For these reasons, considerable efforts have been devoted to the development of novel methods for detecting F -. Among these analytical techniques, great attention has been paid to colorimetric [8] [9] [10] [11] [12] and/or fluorescent [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] probes for the determination of F -, owing to the obvious advantages over other methods. Especially, the colorimetric probes are able to detect F -by the "naked eye" and provide both qualitative and quantitative information without any expensive equipment; 24 fluorometric techniques are also attractive because of their sensitivity and convenience. 25 In fact, even though many fluoride probes have been reported in the past few years, the development of probes for the detection of F -is challenging owing to poor selectivity, low sensitivity, narrow linear range, cumbersome procedure to synthesize, etc. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] For example, receptors of many F -probes based on hydrogen-bonding cannot detect F -efficiently in solvents with high dielectric constants such as acetonitrile and dimethyl sulfoxide (DMSO). 14, [39] [40] [41] [42] In some cases, selective recognition of fluoride over oxygen-containing anions (e.g., HSO4
-, H2PO4
-, NO3 -) is quite difficult. [43] [44] [45] [46] [47] [48] [49] Thiourea-based systems also cannot discriminate F -from oxygen-containing anions sometimes. Even more unfortunately, only a few types of probes realized the quantitative detection of F -. [50] [51] [52] [53] Recently, Hong and coworkers successfully demonstrated a Si-O band-based fluoride receptor detecting F -quantificationally; however, the detection limit was high (388 μM). 53 Shiraishi et al. reported a BODIPY-based F -probe with the detection limit of 36 μM.
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In this paper, to address these challenges, we have developed a dual-channel colorimetric and fluorescent probe 1 for F -(Scheme 1, 1), which can detect F -quantitatively with a low detection limit (0.1 μM).
In probe 1, phenylpyridylvinylene derivative as the reporter offers many intrinsic advantages, such as desirable spectroscopic properties and outstanding intramolecular charge transfer (ICT) structure. [54] [55] [56] [57] [58] Si-O bond is chosen as the receptor due to its high selectivity toward F -. 39, 53 We hypothesize that the Si-O bond reacts with F -to provide the stronger electron-donor, phenolate, which induces the changes in dual-channel output signals, namely the absorption red-shift and fluorescence intensity. of tetrabutylammonium (TBA) salts, which were purchased from Alfa Aesar. Acetonitrile (CH3CN) was of chromatographic grade (water ≤ 0.05%). Unless otherwise specified, all chemicals used in this paper were obtained from commercial suppliers and used without further purification.
Apparatus
All UV-vis absorption spectra were carried out on a TU-1901 UV-vis spectrophotometer with a quartz cuvette (path length = 1 cm). All fluorescence measurements were taken on a Hitachi F-7000 fluorescence spectrometer with both excitation and emission slits at 5.0 nm. All measurements were performed under ambient temperature at 25 C.
Syntheses
Probe 1 is easily obtained by Knoevenagel-type condensation of a phenylpyridylvinylene derivative 2 with compound 3 containing a Si-O bond (Scheme 1, 1). The detailed synthetic procedures and characterizations of 1 are depicted in Supporting Information. Figure 1 shows the UV-vis absorption spectral changes of probe 1 during the titration with F -. Upon addition of F -, the absorption band around 362 nm gradually decreased, while a new absorption band around 545 nm appeared and increased dramatically. The absorption intensity of probe 1 was saturated with 150 μM of F -and a 355-fold increase in absorbance at 545 nm from 0.005 to 1.777 was obtained. Meanwhile, the color changes were observed from colorless to purple (Fig. 2b) . When less than 1 equiv. of F -(namely, the concentration of F -is less than the probe 1), the absorption intensity around 362 nm was gradually decreased with a red-shift. We suggest the following process: when F -selectively attacks silicon atom of the silyl ether group, 1a is formed (see Supporting Information), resulting in the energy barrier of ICT decrease; 57 while further addition leads to an increase of the proportion of 1b to 1a, so the absorbance at 545 nm enhances remarkably (Scheme 2). There was a good linearity between the absorbance at 545 nm and concentrations of F -in the range from 20 to 150 μM, indicating that probe 1 can detect quantitatively relevant concentrations of F -. The linear equation was found to be y = 0.0141x -0.2794 (R = 0.9986), where y is the absorbance at 545 nm measured at a given F -concentration and x represents the concentration of F -added. The detecting limit for F -was calculated to be 0.1 μM.
Results and Discussion

Spectral characteristics
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As shown in Figs. 3 and 4 , the fluorescence responses to Findicate a two-step process. At the initial concentration of F -, fluorescence enhancement was observed, with the concentration of F -increasing from 0 to 50 μM. Linear responses of probe 1 as a function of F -concentration at 476 nm were obtained, ranging from 0 to 30 μM. The linear equation was y = 5.7974x + 227.03 (R = 0.9930), where y is the fluorescence intensity at 476 nm measured at a given F -concentration and x is the concentration of F -added. The limit of detection was 3.9 μM. Further addition of F -leads to the fluorescence intensity at 476 nm rapidly decreasing until it disappeared. The fluorescence intensity also had a linear relationship with the concentrations of F -in the range from 50 to 175 μM; the linear equation is y = -3.0409x + 583.23 (R = 0.9950), where y is the fluorescence intensity at 476 nm measured at a given F -concentration and x represents the concentration of F -added. The fluorescence responses to F -indicate that, upon a small addition of F -, the Si-O bond cleavage of probe 1 resulted in the formation of 1a, which has higher fluorescent intensity due to its stronger ICT structure. 53 Later, with the further addition of F -, 1a is transferred into 1b; thus, the fluorescent intensity at 476 nm is decreased. Fig. 1 The absorption spectra of probe 1 (25 μM) in CH3CN in the presence of F -(0 -450 μM). 
Selectivity
Selectivity is a very important parameter to evaluate the performance of a probe. In Fig. 2 anions were used to investigate the selectivity of probe 1 toward F -. Probe 1 displays extraordinarily selective absorption enhancement at 545 nm in the presence of F -, while almost no changes were observed at 545 nm after adding the above-mentioned anions (Fig. 2a) . Furthermore, upon addition of the same amount of the above-mentioned anions, respectively, only F -induced a striking color change from colorless to purple, as observed by the naked eye (Fig. 2b) . As expected, probe 1 exhibits excellent selectivity towards F -over all other anions. More importantly, probe 1 can recognize F -over oxygen-containing anions, which is difficult to achieve by hydrogen-bond interaction. Besides, fluorescent responses of probe 1 to F -and other anions, as defined above, were also investigated (Tables 1 and 2 ). Only the addition of F -resulted in a prominent fluorescent change, whereas very weak variations of fluorescent spectra were observed upon the addition of other anions. All these selective results indicate that probe 1 has high selectivity toward F -and could meet the selective requirements for environmental applications.
Interference studies
To test the practical applicability of probe 1 for F -, we carried out competition experiments. As illustrated in Table 1, probe 1 showed almost unchanged absorption responses to F -before and after addition of other interfering anions, including Cl -, Br -, I -, H2PO4 -, HSO4
-, and NO3 -. Furthermore, the addition of the above anions had little effect on the fluorescent response of probe 1 towards F -, as depicted in Table 2 .
Conclusions
In summary, we have developed a highly selective and sensitive dual-channel probe 1 for F -based on the ICT mechanism. Addition of F -to the solution of probe 1 induced a 183-nm red-shift in the absorption spectra and an "off-on-off" fluorescence intensity change in the fluorescence spectra. The probe can be applied to the quantitative detection of F -by both colorimetric (20 -150 μM) and fluorometric (0 -30 and 50 -175 μM) methods with a low detection limit. The present results may provide a useful approach for the development of highly selective dual-channel probes for F -. Fig. 3 The fluorescence spectra of probe 1 (25 μM) in CH3CN with the concentration of F -varying between 0 and 50 μM with an excitation at 380 nm. -, the fluorescence intensity of the solution was 420.7. It demonstrates that probe 1 exhibits excellent selectivity toward F -over other anions. The excitation and emission wavelengths are 380 and 476 nm, respectively. c. F0 and F indicate the fluorescence intensity of the solution before and after adding the interfering anions (F0 = 420.7). The excitation and emission wavelengths are 380 and 476 nm, respectively.
